Controversy exists regarding the best choice of anaesthesia for carotid endarterectomy. We aimed to evaluate the peri-operative outcomes of local vs. general anaesthesia for carotid endarterectomy. We conducted a systematic search of electronic information sources and applied a combination of free text and controlled vocabulary searches adapted to thesaurus headings, search operators and limits in each of the electronic databases. We defined peri-operative stroke, transient ischaemic attack, mortality and myocardial infarction as the primary outcome measures. We identified 12 randomised controlled trials and 21 observational studies reporting a total of 58,212 patients undergoing carotid endarterectomy under local or general anaesthesia. Analysis of observational studies demonstrated that local anaesthesia was associated with a significantly lower incidence of stroke (odds ratio (OR (95% CI) On trial sequential analysis of the randomised trials, the Z-curve did not cross the a-spending boundaries or futility boundaries for stroke, mortality and transient ischaemic attack, suggesting that more trials are needed to reach conclusive results. Our meta-analysis of observational studies suggests that local anaesthesia for carotid endarterectomy may be associated with lower peri-operative morbidity and mortality compared with general anaesthesia. Although randomised studies have not confirmed any advantage for local anaesthesia, this may be due to a lack of pooled statistical power in these trials.
Introduction
Carotid artery stenosis is the underlying cause for approximately 20% of ischaemic strokes [1] . Carotid endarterectomy reduces the risk of stroke in patients with recently symptomatic carotid artery stenosis [2, 3] . Carotid endarterectomy is particularly recommended after an ipsilateral transient ischaemic attack (TIA) or non-disabling ischaemic stroke [4] . Peri-operative stroke, which occurs in 2-3% of carotid endarterectomies, is associated with significant morbidity and mortality [5] .
Carotid endarterectomy can be performed under general anaesthesia (GA) or regional or local anaesthesia (LA). Local anaesthesia facilitates awake assessment of brain function during carotid clamping, which alerts the surgeon to the need for a shunt more reliably than the various indirect techniques used during general anaesthesia [6] .
This can potentially lead to more selective and fewer episodes of shunt usage, which, despite maintaining cerebral perfusion during carotid endarterectomy, can cause intimal damage promoting early postoperative thrombosis and late restenosis or distal embolism to the brain [6] .
A previous analysis of pooled data from randomised controlled trials (RCTs) did not find any significant difference in peri-operative outcomes between LA and GA used during carotid endarterectomies [7] . However, the majority of the data analysed were from one large RCT [6] in which the peri-operative adverse event rate was very low in both groups. Although RCTs are the gold standard study design for comparative studies, in the context of carotid artery interventions, most patients are not randomly allocated within trials [8] . Therefore, RCT outcomes may not always reflect the 'real-world' practice [9] [10] [11] .
To our knowledge, there is no comprehensive review of all comparative evidence of anaesthetic techniques for carotid endarterectomy. Our aim was to conduct a comprehensive systematic review and meta-analysis of randomised and non-randomised studies to evaluate the comparative efficacy of LA vs. GA for carotid endarterectomy.
Methods
We registered our review protocol with the International Prospective Register of Systematic Reviews. The review was conducted according to the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement standards [12] .
We included randomised and observational studies comparing the outcomes of LA and GA during carotid endarterectomy. Participants of any age and sex undergoing carotid endarterectomy for symptomatic or asymptomatic carotid artery stenosis were included. Two independent review authors evaluated the title and abstract of identified articles. After retrieving the full text of relevant articles, those articles that met our inclusion criteria were selected. Disagreements were resolved by discussion. When no agreement could be reached, an independent third author was consulted.
We created an electronic data extraction spreadsheet and pilot tested it in randomly selected articles. Our data extraction spreadsheet included the following information: study-related data (first author, year of publication, country of origin of the corresponding author, journal in which the study was published and study design); baseline characteristics and clinical characteristics of the included patients (age, sex, the presence of a history of smoking, hypertension, diabetes mellitus and coronary artery disease (CAD); and symptom status -asymptomatic carotid disease, stroke or TIA).
Data collection was performed by two independent authors, and discrepancies were resolved by discussion. An independent author was consulted when discrepancies remained unresolved.
The methodological quality and risk of bias of the included studies were assessed independently by two authors (using the Cochrane tool for RCTs [13] and the Newcastle-Ottawa scale (NOS) for observational studies [14] ); we resolved discrepancies by discussion. When no agreement could be reached, a third reviewer was consulted.
We calculated the odds ratio (OR) with 95% confidence interval (CI) for dichotomous outcome parameters. The OR is the odds of an event in the LA group compared with the GA group.
We defined the unit of analysis in our study as the individual patient. Information regarding dropouts, withdrawals and other missing data were recorded and when there were no data available, study authors were contacted for the potential missing data. We conducted our final analysis based on intention-to-treat data from the individual clinical studies where possible.
Data analyses were performed by two independent authors using Review Manager 5.3 software [13] . We applied fixed-effect and random-effects models when low and considerable between-study heterogeneity, as defined by Higgins et al. [13] , existed, respectively. We reported the results of our analysis as a forest plot with 95%CIs.
Between-study heterogeneity was evaluated using the Crossing the futility boundaries by a Z-curve indicates that the two interventions do not differ more than the anticipated intervention effect [15] . We handled the zero event trials by constant continuity correction, which involved adding a continuity correction factor (1) The methodological appraisal of the 21 observational studies is presented in Table S1 . The risk of bias was judged as low in seven studies, moderate in 13 and high in one study. Figure The included studies did not report data for analysis of the other secondary outcome measures including:
cranial nerve injury; cross-clamp time; procedure time;
and length of hospital stay. Only four RCTs (n = 365) reported TIA as an outcome.
There were five (3.8%) TIAs in the LA group, whereas two (1.12%) patients had a TIA in the GA group. There was no significant difference in peri-operative TIA between the two groups (OR (95%CI) 2.20 (0.48-10.03), p = 0.31).
Heterogeneity among the included studies was low (I 2 0%, p = 0.51).
Eleven RCTs reported mortality as an outcome. There were 19 (0.9%) deaths in the LA group, whereas 32 (1.5%) Peri-operative MI occurred in 14 (0.6%) and 11 (0.5%) patients in the LA and GA group, respectively. There was no With regard to RCTs, our results are consistent with the findings of Vaniyapong et al. [7] who reviewed and analysed the outcomes of 12 RCTs, and did not find any difference between the two anaesthetic techniques. The authors included 4596 patients in their analysis, of whom 3526 were from the GALA trial [6] , which has been criticised for the following reasons: for being underpowered, despite the large sample size; for the slow recruitment process; and for the wide variability in practice between participating countries [30] . We also analysed a large number of non-randomised studies and reported their outcomes separately, as we identified a number of high-quality observational studies with very large sample sizes that could not be overlooked. We thus included data from an additional 50,000 patients. Although the results of the meta-analysis of these studies were statistically robust, it should be taken into account that several confounders were unequally distributed between the two groups, as a high NOS score does not eliminate the inherent limitations associated with observational studies. Although a large proportion of the analysed data from observational studies were from the study of Kfoury et al. [16] , the sensitivity analysis did not identify a significant effect of removing this study on pooled outcome estimates.
Although carotid endarterectomy reduces the longterm risk of stroke, it can be complicated by acute cerebral ischaemia [3] . Our analysis showed that the use of LA during carotid endarterectomy may be associated with a significantly lower-risk of TIA or stroke compared with GA.
McCleary et al. [30] found that LA was associated with better preservation of cerebral oxygenation, cytochrome oxidase levels and perfusion during carotid endarterectomy compared with GA. Moreover, Wijeyaratne et al. [48] demonstrated that LA may provide some protection against peri-operative cerebral injury during carotid endarterectomy, as it was found to be associated with lower rises in jugular venous neuron non-specific enolase (NNSE) level compared with GA. NNSEs have been proposed as neuro-biochemical markers of adverse neurological outcome [48] .
Myocardial infarction is a major cause of peri-operative and long-term mortality after carotid endarterectomy [49] .
Our analysis demonstrated that LA may be associated with a reduced risk of peri-operative MI during carotid endarterectomy. General anaesthesia during carotid endarterectomy decreases cardiac preload and suppresses the sympathetic nervous system, which may subsequently lead to hypotension [50, 51] . The higher incidence of hypotension and haemodynamic instability in patients undergoing carotid endarterectomy under GA may explain the increased risk of peri-operative MI [51, 52] . Furthermore, GA has been hypothesised to increase the risk of MI by inducing a thrombophilic state [53, 54] . In our study, the inevitable selection bias associated with observational studies may have resulted in a disproportionate allocation of patients at risk between the two groups. Furthermore, it should be considered that MI is relatively common in vascular patients following any surgical intervention, hence the development of cardiac complications after administration of LA or GA may not necessarily imply a causal relationship [49, 55] .
Carotid clamping temporarily interrupts cerebral blood flow during carotid endarterectomy, increasing the risk of stroke; to protect against this, an intraluminal shunt can be placed across the clamped section to maintain cerebral perfusion [55] . Paradoxically, shunting can increase the risk of stroke via air or plaque embolism, dissection or acute occlusion of the carotid artery [55] . The results of our analysis indicated that carotid endarterectomy under LA decreases the need for shunting, which can potentially reduce the risk of peri-operative stroke. There was significant heterogeneity among the included studies in terms of shunting, which may suggest that surgical practice varies among vascular surgeons worldwide, and thus the outcome of our study is prone to selection bias. A recent meta-analysis of randomised trials found insufficient evidence to support the use of routine or selective shunting in carotid endarterectomy [55] .
Patients with asymptomatic carotid artery stenosis were more likely to have carotid endarterectomy under LA. This was clearly evident in the study of Khoury et al. [16] , in which significantly more patients in the GA group underwent surgery for stroke. Moreover, in the study of Lutz et al. [21] and Mofidi et al. [23] 
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